Interactions between anthropogenic and biogenic emissions, and implications for aerosol production, have raised particular scientific interest. Despite active research in this area, real anthropogenic emission sources have not been exploited for anthropogenic-biogenic interaction studies until now. This work examines these interactions using α-pinene and pellet boiler emissions as a model test system. The impact of pellet boiler emissions on secondary organic aerosol (SOA) formation from αpinene photo-oxidation was studied under atmospherically relevant conditions in an environmental chamber. The aim of this study was to identify which of the major pellet exhaust components (including high nitrogen oxide (NO x ), primary particles, or a combination of the two) affected SOA formation from α-pinene. Results demonstrated that high NO x concentrations emitted by the pellet boiler reduced SOA yields from α-pinene, whereas the chemical properties of the primary particles emitted by the pellet boiler had no effect on observed SOA yields. The maximum SOA yield of α-pinene in the presence of pellet boiler exhaust (under high-NO x conditions) was 18.7% and in the absence of pellet boiler exhaust (under low-NO x conditions) was 34.1%. The reduced SOA yield under high-NO x conditions was caused by changes in gas-phase chemistry that led to the formation of organonitrate compounds.
INTRODUCTION
Volatile organic compounds (VOCs) are emitted into the atmosphere from biogenic and anthropogenic sources. Once they are in the atmosphere, VOCs undergo a number of chemical and physical processes that result in the formation of secondary pollutants, such as ozone and secondary organic aerosols (SOA). 1,2 SOA, a major component of atmospheric aerosols, impacts climate by influencing the size distribution, chemical composition, and radiative and cloud formation properties of the atmospheric particle population. 3, 4 Consequently, accurate representations of SOA production are crucial for reducing uncertainties in climate change estimates. However, models continue to underestimate SOA production when compared to field measurements. 4 The largest source of atmospheric VOCs that lead to SOA formation is emissions from vegetation, called biogenic volatile organic compounds (BVOCs). Annual BVOC emissions are estimated to be 825− 1150 TgC yr −1 . 5, 6 In contrast, anthropogenic VOC emissions account for ∼140 TgC yr −1 of atmospheric VOCs. 7 However, anthropogenic emissions can dominate VOCs in urban areas 8−10 and are also a major source of primary particulate pollution with a global estimate of 65 Tg yr −1 . 11 In the natural atmosphere, anthropogenic and biogenic sources of pollutants do not exist in isolation, and the potential interaction between the two pollutant sources has raised particular scientific interest. One objective of previous studies on this topic has been to explore the impact of anthropogenic emissions on biogenic SOA formation and its climate-relevant characteristics. 12−17 BVOCs and anthropogenic emissions can interact via several mechanisms that were reviewed by Hoyle et al. 18 Some of these mechanisms include interactions between BVOCs and primary particles emitted by anthropogenic sources. For example, emissions of anthropogenic primary organic aerosol (POA) can increase organic aerosol mass loadings and enhance partitioning of BVOC oxidation products to the particle phase if the anthropogenic POA forms a miscible phase with BVOC oxidation products. 19−21 Additionally, anthropogenic emissions can enhance acidic seed material in the atmosphere via the production of sulfuric acid and nitric acid. 22 Acidic particles catalyze particle-phase reactions like hydration, hemiacetal and acetal formation, aldol condensation, oligomerization, and polymerization. 22−24 These reactions result in the formation of low-volatility products that enhance gas-particle partitioning and SOA formation. Anthropogenic emissions can also interact with BVOCs via mechanisms involving gas-phase chemistry. For example, increased concentrations of nitrogen oxides (NO x ), sulfur dioxide (SO 2 ), and/or aromatic VOCs can influence SOA formation from BVOCs. Higher concentrations of NO x change gas-phase reaction pathways because NO starts to compete with HO 2 and RO 2 for alkyl peroxy radicals formed during the first stages of VOC oxidation. 25, 26 The high-NO x oxidation pathway leads to different functional groups in the oxidation products and can also influence fragmentation of compounds during oxidation. Alterations to the functionalization and fragmentation of BVOC oxidation products can increase or decrease SOA formation depending on the specific BVOC precursors. For example, elevated NO x increases SOA yields of β-caryophyllene 27 but decreases SOA yields of α-pinene 25 because of their different structures. Higher levels of SO 2 enhance new particle formation and growth 28 and increase particle acidity via the production of H 2 SO 4 . This increases the acidity of particles in the atmosphere and promotes acid-catalyzed reactions that were described previously.
Anthropogenic-biogenic interactions are often studied using mixtures of standard compounds that are meant to represent typical compounds from each source. 18 There have been no controlled laboratory studies investigating the topic using real emission sources, which are more chemically diverse and better represent the complex chemical composition in the atmosphere. The primary aim of this study was to investigate anthropogenic-biogenic interactions using pellet boiler exhaust as a real anthropogenic emission source. Pellet boilers are commonly used in homes for heating purposes due to their automated operation, high energy density of pellets, high efficiency, and lower emissions compared to old wood log appliances. 29−31 In addition, there is also growing interest to utilize wood pellets in larger scale heat and power plant boilers to increase the production of renewable energy. Pellet boilers emit aliphatic, aromatic, and oxygenated VOCs and also inorganic species such as NO x , ash, and black carbon (BC). 32−34 In this study, we investigated the impact of pellet boiler emissions on SOA formation from α-pinene photooxidation. The aim of the study was to determine whether high NO x concentrations or the primary particles emitted by the pellet boiler, or a combination of these two mechanisms, affected SOA formation from α-pinene. The experiments were conducted in a 29 m 3 environmental chamber under atmospherically relevant VOC-to-NO x ratios. To our knowledge this is the first study investigating anthropogenic-biogenic interactions using a real anthropogenic emission source rather than pure compounds to represent an anthropogenic source. This approach will provide a more realistic picture of the possible mechanisms by which anthropogenic emissions can interact with BVOCs in the atmosphere.
EXPERIMENTAL SECTION
2.1. Experimental Setup. The schematic of the experimental setup is shown in Figure S1 . A detailed characterization of the chamber facility was reported by Leskinen et al. 35 Briefly, the experiments were carried out in a 29 m 3 fluorinated ethylene propylene resin (Teflon FEP) environmental chamber located at the University of Eastern Finland in Kuopio, Finland. The chamber was a collapsible bag equipped with 40 W blacklight (BL) lamps having a spectrum centered at 354 nm (Sylvania F40W/350 BL) located on two opposite sides of the chamber. The chamber was placed in a thermally insulated enclosure, and the temperature inside the enclosure was controlled by a thermostated air conditioner (Argo AW 764 CL3). The inner walls of the temperature-controlled enclosure around the chamber were covered by reflective materials for enhancing and evenly distributing the UV radiation. Table S1 summarizes the instrumentation used in this study, and the detailed information can be found in the Supporting Information (SI). Both gas-and particle-phase measurements were conducted. Gas-phase VOC monitoring was performed with a high sensitivity proton-transfer-reaction time-of-flight mass spectrometer (hereafter referred to as the PTR-MS), and specific trace gas measurements included the following gases: CO 2 , CO, NO x (NO+NO 2 ), and O 3 . Some of the most common volatile organic compounds for wood combustion exhaust, including 28 hydrocarbons and oxygenated hydrocarbon species (Table S2) , were also measured from the raw exhaust by Fourier Transform Infrared Spectroscopy (FTIR). In addition, two cartridge samples (Tenax TA/Carbograph 5TD adsorbent material, MARKES international, United Kingdom) were collected during each experiment and were analyzed off-line using a thermal desorption-gas chromatograph−mass spectrometer (TD-GC-MS). The chemical composition of the particle-phase was monitored with an Aerodyne, Inc. soot particle-aerosol mass spectrometer (SP-AMS). Particle mass and number concentrations and size distributions were measured using a tapered element oscillating microbalance (TEOM) and scanning mobility particle sizer (SMPS).
2.2. Experimental Procedure. Prior to each experiment the chamber was cleaned (details in the SI). Before starting the experiments, relative humidity of the chamber was adjusted to ∼50%, and the temperature was held constant at ∼20°C with a thermostated air conditioner. A commercially available pellet boiler with a nominal heat output of 25 kW was used for these experiments. 36 Bark-free softwood pellets were used as the fuel. The detailed information about the pellet boiler exhaust feeding procedure can be found from the SI.
After the diluted primary pellet emissions were fed into the chamber, O 3 was added in the amount required to convert all the NO emitted from the pellet boiler to NO 2. NO must be converted to NO 2 to prevent the suppression of photochemistry and subsequent SOA formation. 37, 38 After O 3 addition, ∼1 μL of 9-fold deuterated butanol (1-butan,d 9 -ol, hereafter referred to as butanol-d9, Sigma-Aldrich, 98%) and ∼3 μL (17 ppbv) of α-pinene (Sigma-Aldrich, ≥99%) were injected into the chamber. Butanol-d9 was used to quantify the OH exposure during the experiments (details from the SI). 39 OH radicals were generated from nitrous acid (HONO). HONO was prepared by dropwise addition of 1% NaNO 2 into 10% H 2 SO 4 in a glass bottle. The bottle was attached to the inlet line and purged with air to transport HONO into the chamber. To prevent immediate termination and destruction of OH radicals, the VOC-to-NO x ratio was adjusted to atmospherically relevant levels (Table 1) using propene from a standard gas cylinder (10000 ppm in N 2 , AGA, Finland) following previously established methods. 40 Propene chemistry allows recycling of OH radicals, but its oxidation products do not contribute to SOA formation. 19, 37 After all gases and exhaust were introduced, the chamber was closed, and gases were allowed to stabilize for 15 min. After gas concentrations stabilized, BL-lamps were switched on to initiate photochemistry (designated the experiment start time), and the experiment was run for another 4 h.
Results from this study represent an upper-bound estimate of potential pellet emissions and biogenic-anthropogenic interactions. The pellet boiler was operated under nonoptimal combustion conditions which occur for example in partial boiler load situations, 36 and when the users operate their boilers with nonoptimally adjusted settingsscenarios that are arguably not uncommon. The particle mass concentration of pellet boiler exhaust fed into the chamber was estimated from SMPS data. The initial mass loading of primary particles in the chamber was systematically varied between 25 and 95 μg m −3 from experiment to experiment, but other conditions were kept unchanged, including α-pinene concentration, VOC-to-NO x ratio, and OH exposure ( Table 1) . For some experiments, pellet boiler exhaust was not used, and the initial particle mass loading was replaced with ammonium sulfate (AS) seed particles (Sigma-Aldrich, 99%). AS seed particles were used for comparison to determine if the chemical characteristics of the primary particles emitted by the pellet boiler affected SOA formation from α-pinene. AS particles were generated by a nebulizer (Topas ATM 226, Germany) and were introduced into the environmental chamber through a silica dryer with similar initial mass loadings that were used with pellet boiler exhaust experiments (refer to Table 1 ). In experiments with AS particles, all experimental conditions like VOC-to-NO x ratio, NO x concentration, and OH exposure were comparable to the pellet boiler exhaust experiments (Table 1 ). In addition to the AS+α-pinene experiments that were conducted under high-NO x conditions, we also conducted one AS+α-pinene experiment under low-NO x conditions. The experiment under low-NO x conditions was done to investigate the effect of high-NO x concentrations emitted by the pellet boiler on SOA formation from α-pinene. This experiment was conducted in a separate 10 m 3 Teflon chamber under similar conditions as the high-NO x experiments ( Table 1) . A detailed description of the 10 m 3 chamber and experimental procedure for the low-NO x experiment is included in the SI.
RESULTS AND DISCUSSION
Results from this investigation shed light on biogenicanthropogenic interactions in the atmosphere using α-pinene and pellet boiler emissions as a model test system. In this section, we first characterize the primary emissions from the pellet boiler to provide context for the possible interactions that could occur between pellet boiler emissions and α-pinene. Next, we characterize SOA formation from pellet boiler emissions with and without α-pinene. These results demonstrated that the primary source of SOA in these experiments was derived from the oxidation of α-pinene and not from the oxidation of the pellet boiler emissions themselves. Finally, we present the α-pinene SOA mass yields in the presence of pellet boiler emissions (hereafter referred to as "mixed" experiments) and compare them with α-pinene SOA mass yields measured in the absence of an anthropogenic influence (hereafter referred to as "α-pinene only" experiments). From these results, we concluded that pellet boiler emissions reduced SOA mass yields from α-pinene photo-oxidation primarily due to the presence of higher concentrations of gas-phase nitrogen oxides.
3.1. Characterization of Pellet Boiler Primary Emission. The composition of pellet boiler primary emissions is summarized in Figure 1 by hydrocarbons and oxygenated hydrocarbons accounting for 95% of total AMS organic signal. This is consistent with results presented by Heringa et al.; 41 they measured POA composition from pellet burners under poor burning conditions and found that hydrocarbons and oxygenated hydrocarbons accounted for 97% of the total AMS organic signal. A complete mass defect plot of the primary particulate composition is included in the SI to provide additional information on the composition ( Figure  S2 ). Of particular interest, the ratio of NO + -to-NO 2 + can indicate the source of the nitrate signal. For example, when this ratio is close to 5 it indicates that the NO + and NO 2 + ions are derived from organonitrates. 42, 43 The measured NO + -to-NO 2 + for pellet primary particulate emissions in this study was 21.8 indicating that the NO + and NO 2 + ions are derived from mineral nitrates. 42 This suggests that this AMS spectra was representative of a combination of POA and ash particulate emissions.
The gas-phase mass spectrum during the stable, nonoptimal burning phase of the pellet boiler is presented in the lower panel of Figure 1 . The mass spectrum, measured with PTR-MS, shows that the number of gas-phase compounds emitted by the pellet boiler was low inside the chamber. Furthermore, FTIR measurements show that raw, undiluted pellet boiler exhaust did not contain high concentrations of gas-phase hydrocarbons or oxygenated hydrocarbons. The sum concentration of all analyzed hydrocarbons (THC) varied from 14.9 to 36.5 ppm in raw pellet boiler exhaust ( 41 In our experiments MCE varied from 0.988 to 0.996 demonstrating that the pellet boiler was operated under nonoptimal burning conditions.
The main gas-phase compounds and/or fragments of compounds measured with the PTR-MS in the environmental chamber immediately after the feeding period were C 3 H 4 (m/z 41), C 2 H 2 O (m/z 43), acetaldehyde (m/z 45), acetone (m/z 59), and benzene (m/z 79). All of these VOCs have been detected in pellet boiler exhaust previously. 32−34 However, other studies have also reported pellet boiler emissions of aromatic compounds such as polycyclic aromatic hydrocarbons (PAHs), toluene, and xylene. 32−34 In this study, pellet emissions were substantially diluted to ensure that primary particulate mass loadings were representative of atmospheric conditions in the chamber (see Experimental section 2.2 and Table 1 ). So while some of those compounds, like toluene, were emitted by the pellet boiler used in this study, their concentrations inside the environmental chamber were not above the detection limit of the PTR-MS.
3.2. Characterization of SOA Production. The pellet boiler emissions did generate a small amount of SOA after oxidation by OH and ozone ( Figure 2 ). These results have not been corrected for particle wall-loss because the focus here is to discuss the trends in the organic aerosol species. The lower panel of Figure 2 shows the temporal evolution of the relative aerosol composition throughout the "pellet-only" experiment (Experiment ID: Pellet, Table 1 ). When photochemistry started, there was a small change in the relative proportion of organics in the particle-phase. These results demonstrate that in the absence of other VOC sources the oxidation of emissions from the pellet boiler operating under nonoptimal burning 44 They only measured appreciable SOA production from pellet burner emissions during the flaming phases.
The evolution of pellet boiler exhaust particle composition due to aging can be seen from the mass spectra from the beginning and the end of the "pellet-only" experiment ( Figure  1, upper panel, Figure S3 ). The fraction of oxygenated hydrocarbon material (CHO) from total organics increased from 42% to 50%, while the fraction of hydrocarbons (CH) decreased from 53% to 48%. The upper panel of Figure 2 shows the temporal evolution of different OA species during the "pellet-only" experiment. The concentration of CHO material increased as the particles aged in the environmental chamber indicating particle oxidation during the experiments.
The O:C ratio increased from 0.4 to 0.6, and the CHO family ion concentration increased from 1.1 μg m −3 to 1.6 μg m −3 . Concurrently, the CH concentration decreased from 2.9 μg m −3 to 2.5 μg m −3 . The O:C ratios were calculated using the updated method described by Canagaratna et al. 45 The temporal evolution of different OA species (upper panel) and relative AMS composition (lower panel) is shown for a representative "mixed" experiment for comparison in Figure 3 (Experiment ID: HighP+α, Table 1 ). When α-pinene was present in the environmental chamber, SOA formation occurred immediately after photochemistry was initiated. In contrast to the results from the "pellet-only" experiment, the organic fraction of the particles in this experiment increased by ∼20% within 30 min of turning on the lights (Figure 3 , lower panel). The additional organic mass in the particles is due to increased concentrations of hydrocarbon, CH, and oxygenated hydrocarbon species, CHO (Figure 3, upper panel) . We assumed that the source of this additional organic material is primarily derived from α-pinene oxidation products. This assumption is justified by the fact that SOA mass produced by pellet boiler emissions in the absence of α-pinene was only 11.2% from the SOA mass produced during the analogous αpinene experiment (HighAS+α experiment). In addition, the observed changes in the particle composition between the "pellet-only" and "mixed" experiments support this assumption. Figures 1 and S4 show that the relative abundance of CHO was substantially higher in the "mixed" experiments than it was in the "pellet-only" experiment, comprising 60% and 42% of total organics correspondingly. The relative abundance of CH was lower in the "mixed" experiments (36%) than the "pellet-only" experiment (53%). This all demonstrates that the organic material was more highly oxidized in the "mixed" experiment indicating a higher fraction of secondary organic material than in the primary organic material dominated "pellet-only" experiment. 46 Furthermore, the comparison of three mass spectra after aging from different experiments ("mixed", "αpinene only", and "pellet-only") is shown in Figure 4 . This figure indicates that the "mixed" experiment spectrum shares features with the other two: the "mixed" SOA spectrum can be best fitted by a combination of 75% "α-pinene only" SOA and 25% "pellet-only" SOA, with an unfitting residual of 22% of "mixed" SOA spectrum (for residual, see Figure S5 ). In addition, the CHON signal in the "mixed" spectrum (panel C) at m/z 43 is also observed in the "pellet-only" spectrum (panel A) but is absent from the "α-pinene only" spectrum (panel B). However, CHO at m/z 43 illustrates a distinct contribution from α-pinene: the "pellet-only" spectrum has very little CHO at m/z 43, but the "α-pinene only" and "mixed" spectra have a dominant contribution from CHO at m/z 43. These results support the conclusion that in the "mixed" experiment organic aerosol was composed of a combination organics both from pellet boiler exhaust and from the oxidation of α-pinene.
A more detailed look at the gas-phase chemistry that occurred during a typical "mixed" experiment is shown in Figure 5 (Experiment ID: HighP+α, Table 1 ). NO x concentrations at the beginning of the experiment were 600 ppb (lower panel) highlighting that these are high-NO x experiments, even after heavily diluting the pellet boiler emissions. Other experiments had similar NO x levels with the exception of the single low-NO x experiment that was performed for comparison. After the lights were turned on, photochemistry of NO x and VOCs produced ∼600 ppb ozone (lower panel). The α-pinene completely reacted within 30 min and generated typical oxidation products such as pinonaldehyde shown here as an example (upper panel). The total organic aerosol mass is shown again here to demonstrate that SOA generation occurred concurrently with α-pinene oxidation and pinonaldehyde formation. This is further evidence that in the "mixed" experiment most of the SOA mass is derived from αpinene oxidation products and not from the pellet boiler emissions directly. Figure 5 also shows that SOA generation and pinonaldehyde formation occurred after NO was decreased close to 0 ppb due to suppression of hydroperoxide formation by NO. 17, 25 3.3. SOA Mass Yields. The SOA mass yields (Y) were calculated with eq 1
where ΔM 0 is the maximum mass concentration of SOA formed (maximum OA mass−primary OA mass), and ΔHC is the mass concentration of α-pinene reacted.
Final SOA mass yields were corrected for particle wall losses, which varied from experiment to experiment. Particle wall losses were estimated for each experiment separately by calculating the aerosol mass loss rate constant according to Hao et al. 47 This method assumes first-order wall loss rate and 
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Article DOI: 10.1021/acs.est.6b04919 Environ. Sci. Technol. 2017, 51, 1423−1432 particle size independence. For the low-NO x experiment the wall losses of aerosol particles were estimated using a particle size dependent wall loss correction. 48 The different wall loss corrections were applied in these two cases, because the low NO x experiment conducted in the 10 m 3 chamber was not run for long enough to assume that no additional SOA was forming, hence the approach presented in Hao et al. was not applicable.
The left panel of Figure 6 summarizes the SOA mass yields for all experiments assuming α-pinene was the major SOA precursor. The experiment MedP+α3 was excluded from this analysis because the PTR-MS was under maintenance, and thus α-pinene concentrations could not be continuously monitored. OH exposures were calculated according to Barmet et al. 39  explained in more detail in the SI. We can assume that OH chemistry dominated the oxidation chemistry inside the chamber (details from the SI). SOA mass yields from the high-NO x experiments ranged from 11.0 to 19.4% (left panel of Figure 6 ). There is some variability in these values (which will be explained later), but all of them are substantially smaller than the maximum SOA mass yield observed during the low-NO x experiment, which had an SOA mass yield of 34.1 ± 1.9%. The variation in organic mass loadings between all the experiments was small (Table 1) , so the variation between yields in the high-NO x experiments and the reduced SOA mass yield in the high-NO x experiments cannot be explained by increased absorption due to differences in organic aerosol mass. Moreover, the concentration of α-pinene and OH exposures were similar in every experiment (Table 1) , so neither of these can explain the differences in observed SOA mass yields either. Consequently, these results suggest that it was the high-NO x concentrations emitted by the pellet boiler that reduced SOA formation from α-pinene. This conclusion is consistent with earlier studies conducted by Ng et al. 49 and Eddingsaas et al. 50 where they investigated SOA formation from α-pinene under both highand low-NO x conditions. Under high-NO x conditions Ng et al. 49 measured SOA mass yields for α-pinene between 6.6%− 15.8%, while Eddingsaas et al. 50 observed an SOA mass yield of 14.4%. Similar to results from this study, both groups measured higher SOA mass yields for α-pinene under low-NO x conditions37.9%−45.8% (Ng et al. 49 ) and 25.7%−28.9% (Eddingsaas et al. 50 ). Based on the results shown in the left panel of Figure 6 we can be confident that despite the use of two different approaches for wall loss correction the conclusions are valid. The difference in maximum yield between the low NO x experiment and the analogous high NO x experiment (LowP+α, Table 1 ) was greater than 300% (left panel of Figure 6 )a difference much larger than any uncertainty introduced from using two different approaches to the wall loss correction.
An alternative explanation for the reduced yields in the high-NO x experiments is that the chemical properties of the primary particles emitted directly from the pellet boiler could have affected the SOA mass yields. In the "mixed" experiments the primary particle emissions effectively acted as a seed for the αpinene SOA. Seed composition can influence SOA mass yields. For example, highly acidic seed increases SOA mass yields from α-pinene oxidation. 51, 52 Recall from the methods that we investigated whether or not the primary particle emissions from the pellet boiler affected the SOA mass yields by conducting "αpinene only" experiments using ammonium sulfate seed. Each "mixed" SOA experiment has a matching "α-pinene only" experiment conducted with a similar mass of seed material, VOC-to-NO x ratios and NO x concentrations. The right panel of Figure 6 shows the SOA mass yields as a function of seed surface area for the two different types of seed used in these experimentsprimary particles emitted by the pellet boiler ("pellet") and ammonium sulfate. When the initial surface area of particles was approximately the same, the observed yields were also similar regardless of the seed material.
It should be noted that recently, it has been shown that SOA yields can be underestimated due to wall losses of SOA-forming vapors during chamber experiments. 53−56 Wall deposition of vapors strongly affects SOA yields observed in the chamber. For this reason the yields reported here may be lower limits. Figure  6 also provides insight into the effect of vapor wall losses on yield and, further, on the reasons behind the variability in SOA yields observed between the high-NO x experiments. For both types of seed the SOA mass yield increased with increasing initial seed surface area. It should be noted that similar clear correlation was not observed between the SOA yield and organic mass loading due to the small variability in the total organic masses. Figure 6 (right panel) illustrates that the observed yields were dependent on the condensation surface area of the seed particles used for each experiment. Furthermore, the seed surface area effect was similar for both types of seed used in these experiments. Hence, based on the right panel of Figure 6 it is clear that the material characteristics of primary particles emitted by the pellet boiler did not affect the mass yields, while the seed surface area available for the vapors, on the other hand, affected the yield due to competition for vapors between chamber wall surface and particle surface.
The results illustrate that pellet boiler exhaust reduced SOA yields from α-pinene. Moreover, our results demonstrate that the main factor contributing to decreased SOA mass yields in the presence of pellet boiler exhaust was elevated NO x concentrations. The oxidation mechanisms, and thus oxidation products, of terpenes are different under high-versus low-NO x conditions. 25, 26, 49 Elevated NO x concentrations reduce RO 2 + RO 2 and RO 2 + HO 2 reactions while initiating RO 2 + NO reactions. This shift in reaction pathways of α-pinene produces organonitrate oxidation products with higher vapor pressures than oxidation products that are generated under the low-NO x reaction pathways. Despite their higher vapor pressures, some organonitrate oxidation products will partition into the particle phase. This reaction pathway change was observed in "α-pinene only" experiments; under high-NO x conditions the ratio of NO + -to-NO 2 + ions was 5.65 and verified our assumption that the nitrate existed in the chemical form of organonitrates (details from the SI and Figure S6 ). 42, 57 In contrast, under low-NO x conditions the ratio of NO + -to-NO 2 + -ions was 2.5 suggesting the presence of ammonium nitrate. The formation of organonitrates was not observed in "mixed" experiments, since the mineral nitrates produced by the pellet boiler (see Results and Discussion section 3.1) interfered with the interpretation of the spectrum. However, we assume that also in "mixed" experiments the organonitrates were formed because we have shown that similar chemistry took place during "mixed" and "α-pinene only" experiments under high-NO x conditions. Gas-phase organonitrate compounds were not detected in the gas-phase. This is likely because their concentrations were below the detection limit of the PTR-MS due to the low mixing ratios of α-pinene used in these experiments (14−20 ppb) to represent total monoterpene levels in hemiboreal forest environments. 58 Anthropogenic-biogenic interactions in the atmosphere is an important, yet complex, topic. In this study, we used for the very first time a mixed system that combines the exhaust from a real anthropogenic emission source, the pellet boiler, and αpinene as one example test system. Our results highlight the important influence of increased NO x concentrations from anthropogenic sources on biogenic SOA formation processes. In this study system, the dominant effect of anthropogenic emissions on biogenic SOA formation was to reduce SOA mass yields by stimulating the high-NO x oxidation pathway. This type of information is vital for understanding and simplifying model representations related to anthropogenic-biogenic interactions in the atmosphere. The pellet boilers can be considered as a model system for all continuously operated wood-fired boilers, 59 hence we believe that the conclusion can be generalized to concern wood-fired boilers more generally.
The NO x effect would be different for different types of BVOCs because some terpenoids have increased SOA mass yields under high-NO x conditions. 18 Future work should investigate the influence of other anthropogenic pollution sources on biogenic SOA formation to determine if the NO x concentrations are the dominant factor affecting the SOA chemistry in other test systems. Furthermore, the ultimate anthropogenic effect on biogenic SOA formation is further complicated because primary particle emissions would likely increase SOA mass yields by providing additional organic aerosol mass thereby increasing background OA and increasing absorption. Future investigations should use regional modeling techniques to investigate the role of both increasing background OA and the influence of NO x chemistry on biogenic SOA formation concurrently.
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